Introduction {#Sec1}
============

Friction in fluid film lubricated contacts is heavily influenced by the viscosity of the lubricant. The lubricant viscosity is pressure and usually shear dependent. Under sufficiently high pressures, the lubrication regime is characterised by nearly parallel, elastically deformed surfaces and is dominated by the pressure--viscosity response of the lubricant. This lubrication regime is known as elastohydrodynamic (EHD) lubrication. The pressure in these contacts is spatially heterogeneous. This pressure heterogeneity means the lubricant may perform very differently in different regions of the contact. Such spatial variations in pressure may not be accurately predicted by Hertzian mechanics. An increase in pressure just upstream of the inlet region, which is crucial to the development of a lubricant film, is also generated due to elastic deformation of the surface \[[@CR1]\]. The pressure distribution, hence the potential variations in local viscosity, in and around an EHD contact, makes the study of local viscosity important.

Conventional techniques that estimate lubricant viscosity under conditions representative of EHD lubrication conditions include friction measurements \[[@CR2]\] and high-pressure rheometry \[[@CR3], [@CR4]\]. Both techniques provide only the average viscosity of a lubricant film. When using friction measurements to determine the lubricant viscosity in a ball on flat contact, the lubricant is entrained and sheared to produce conditions close to those typically found, in engineering contacts. During these tests, the ball is half-submerged in an oil bath \[[@CR5]\]. As a result, the measured friction contains contributions from both the actual friction generated in the contact and the viscous drag/churning moment experienced by the ball \[[@CR6]\]. The latter may be significant when the actual friction force is low compared to the drag force. While the drag force can be estimated, it may render friction measurements, hence viscosity estimation, inaccurate under certain circumstances.

When using high-pressure rheometry techniques such as rotating Couette rheometers, a fixed sample volume is exposed to shear and pressure with the maximum shear rate usually around 10^4^ s^−1^ \[[@CR7]\]. This is lower than shear rates commonly encountered in EHD contacts \[[@CR8]\]. This technique also does not take into account the effect of the flow of the entrained lubricant. The nature of the technique makes it difficult to reach the required stress and strain levels without large increases in temperature \[[@CR9]\]. Capillary flow viscometers can reach higher pressures and shear rates although they cannot reach high shear stresses. Falling cylinder viscometers can reach high pressures but have very low shear rates \[[@CR7]\]. Therefore, these techniques are also difficult to apply to conditions similar to those found in EHD lubrication.

The difficulties of using conventional methods to obtain information about the lubricant viscosity in an EHD contact have prompted us to explore alternative ways. Ideally, the new method should allow measurements to be performed in an EHD contact close to typical operating conditions. It should also be able to capture local viscosity variations (if they exist) in and around the contact with good spatial resolution. Information on local viscosity is particularly valuable for understanding the origin of friction and the importance of surface effects (e.g. surface modifications and texturing).

Recent techniques to study in situ the viscosity of fluids in confinement such as atomic force microscopy \[[@CR10]\] provide only a single average measurement representing properties of the whole fluid film. Techniques such as ultrasonic shear reflection \[[@CR11]\] are limited by spatial resolution. However, recent improvements through the use of the matching layer method mean that where high spatial resolution is not an requirement, then this technique can be used to measure the viscosity in thin films \[[@CR12]\]. Spectroscopic techniques provide the best approach for high spatial resolution measurements. Raman scattering for pressure sensing provides high spatial resolution (limited by beam size) across a wide range of pressures (up to 1.4 GPa) \[[@CR13]\]. It therefore provides some information for local viscosity estimations if the pressure--viscosity relationship is known. However, as the viscosity of the fluid is not measured directly, the technique is incapable of detecting shear thinning. Phosphorescent nanoparticles have been shown to be sensitive to viscosity; however, information on their sensitivity and applicable range is not available \[[@CR14]\]. The sensitivity of the nanoparticles photoluminescence to temperature also adds complexity to the measurements. Fluorescence recovery after photobleaching (FRAP) can be used to determine local fluid viscosity directly in static systems through measurement of diffusion \[[@CR15]\]. It has also been applied to EHD contacts to obtain local through-thickness velocity profiles \[[@CR16]\], and thus local shear rates, of the lubricant with high spatial resolution. At higher entrainment speeds more akin to typical engineering contacts, phosphorescence imaging has also been used \[[@CR17]\]. In both cases, however, the local shear stress is required to determine the local viscosity. An attempt to obtain lubricant viscosity by coupling local velocity profile measurements and local shear stress measurements has been made \[[@CR18]\]. However, only an average measurement for the whole contact far from most engineering conditions was obtained.

Fluorescence lifetime measurements using molecular rotor type fluorescent probes are frequently used in the biophysics community to measure the viscosity within cells \[[@CR19], [@CR20]\] and to study the growth of amyloid fibrils \[[@CR21]\]. This technique has been recently adapted and applied to probe local lubricant viscosity in EHD contacts with microscale spatial precision \[[@CR22]\]. However, quantitative measurements were only achieved in glycerol.

In this paper, a molecular rotor thioflavin-T is used to obtain the local viscosity distribution of the polymer IGEPAL CO-520 in a ball on flat EHD contact. These results are compared to high-pressure bulk viscosity measurements to validate the use of molecular rotors as local viscosity sensors for lubricants in the EHD regime. One of the characteristics of the EHD contact, the increase in pressure at the inlet critical in generating the fluid film, will also be visualised. The application of the technique to determine the shear stress across the contact will be demonstrated.

Experimental {#Sec2}
============

Materials {#Sec3}
---------

Thioflavin-T (T3516) and IGEPAL CO-520 (238643) from Sigma-Aldrich were used as received. They are referred to as ThT and IGEPAL in this work, respectively. The properties of IGEPAL are shown in Table [1](#Tab1){ref-type="table"}.Table 1Properties of IGEPAL CO520Molecular weight (g/mol)441$\documentclass[12pt]{minimal}
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The model lubricant in this work consists of IGEPAL doped with 0.6--1.7 mM ThT. Details on its choice can be found in \[[@CR22]\]. High dye concentration is required due to the ultra-thin films studied in this work and the dyes' low quantum yield. ThT was dissolved in IGEPAL at 55 °C using a magnetic stirrer for one hour. The solutions were then filtered using a 1 μm filter (514-4027 Syringe filters, Acrodisc^®^, glass fibre VWR) to remove any undissolved impurities in the dye.

Optically Accessible High-Pressure Rheometry {#Sec4}
--------------------------------------------

In this work, an optically accessible high-pressure rheometer based on a circular point contact is used \[[@CR21]\]. This is created by a ball loaded on a flat disc. Both the speeds of ball and of the disc, $\documentclass[12pt]{minimal}
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The point contact is chosen for this work as it allows the shear rate and the pressure to be controlled across the range of engineering interest. It also makes for easier comparison with results from friction and film thickness measurements. With independent control of entrainment speed and SRR, shear rates experienced by the lubricant film can be varied while maintaining a constant film thickness. This allows the effect of shear rate on both the local and average/apparent viscosity within the contact to be studied.

Transparent flat surfaces are used in this study to allow the optical access necessary for film thickness and fluorescence lifetime measurements. The surfaces chosen are a glass ball and a glass disc for rheological measurements. For film thickness measurements, where a reflective surface is required for interferometry, a steel (AISI52100) ball and chromium/silica coated glass disc are used. The properties of the rubbing surfaces, the range of contact pressures, shear rates and film thicknesses used are shown in Table [2](#Tab2){ref-type="table"}. The contact pressures applied are chosen to prevent IGEPAL from shear thinning excessively.Table 2Experimental conditionsAverage pressure (MPa)180--280Peak pressure (MPa)270--420Central film thickness (nm)160--180Entrainment speed unless otherwise stated (ms^−1^)0.1Shear rate (s^−1^)2 × 10^4^--6 × 10^5^E (GPa) and $\documentclass[12pt]{minimal}
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To examine the local viscosity of an EHD lubricant in situ, fluorescence lifetime measurements are applied using the optically accessible point contact-based rheometer discussed above. The rheometer is mounted over an inverted microscope. The ball is loaded against the flat surface using a dead load. It is moved using an automated microscope stage which allows the local viscosity to be mapped with a high spatial resolution of 12 µm. Details of the set-up for fluorescence lifetime measurements are discussed in Sect. [2.3.2](#Sec7){ref-type="sec"}.

All tests were undertaken at an ambient temperature of 26 ± 1 °C, except the calibration which was undertaken at 21 °C. A SRR from 0 to 50% was applied. Fluorescence lifetime measurements show no correlation between SRR and viscosity. As the temperature rise in the contact depends on the SRR, at a given pressure, this indicates that the temperature rise due to shear heating in the present experiments is small, and its effect on the viscosity is within the statistical uncertainty of the measurements.

Molecular Rotors and Fluorescence Lifetime Measurements {#Sec5}
-------------------------------------------------------

### Brief Overview of ThT {#Sec6}

The model lubricant in this work is ThT-doped IGEPAL CO-520. ThT is a molecular rotor which consists of a benzothiazole and an aminobenzene fragments joined together through a single bond allowing for intermolecular twisting \[[@CR25]\]. When ThT is excited by light, the fragments twist relative to each other. The excited ThT has two routes to relaxation: (1) fluorescence emission and (2) a non-radiative twisted intermolecular charge transfer between the fluorescent LE (locally excited) state and the non-fluorescent TICT (twisted intermolecular charge transfer) state \[[@CR26]\]. The latter involves the change in rotation angle between the two fragments \[[@CR27]\]. This torsional relaxation process can be suppressed due to an increased fluid viscosity in the vicinity of ThT. This increases the probability of ThT fluorescence emission and leads to an increase in its quantum yield and its fluorescence lifetime \[[@CR26]\]. This provides a direct relationship between quantum yield and viscosity \[[@CR28]\]. An increase in ThT quantum yield of more than three orders of magnitude due to increased solvent viscosity has been observed \[[@CR29]\], after which its quantum yield plateaus. ThT's insensitivity to pressure and temperature makes it ideal to be used as a viscosity sensor in tribological contacts \[[@CR30], [@CR31]\]. The local viscosity of IGEPAL is thus extracted by measurements of ThT fluorescence lifetime at various positions in an EHD contact in this work.

### Fluorescence Lifetime Measurements {#Sec7}

Details of the fluorescence lifetime set-up used to measure ThT fluorescence lifetime in model lubricants can be found in \[[@CR22]\] and is briefly described here. The optical rheometer described in Sect. [2.2](#Sec4){ref-type="sec"} is placed over an inverted microscope. This allows the lubricant to be excited by 400 nm laser pulses (frequency doubled from 800 nm at a pulse width of 80 fs and a frequency of 80 MHz) through an objective (20X Olympus UPlanFL N, NA = 0.5). The power at the back of the microscope is less than 200 μW, and the focused beam size is 7 µm (FWHM). The emitted fluorescence is collected through the same objective, passes through emission filters, and is detected by a single-photon avalanche diode (SPAD). The instrument response of the SPAD is 80 ps FWHM. The fluorescence decay curve is then generated through time-correlated single-photon counting (TCSPC) using a Becker Hickl SPC-152 TCSPC card connected to the detector and the laser synchronisation output. The spatial resolution of the technique is based on the laser spot size (7 µm FWHM) and the spatial stability (5 µm). Therefore, the spatial resolution of the measurement is around 12 µm.

Calibration of the ThT lifetime in IGEPAL in static, bulk, conditions was conducted in a pressure cell at fixed pressure ranging from 0 to 600 MPa at 21 °C \[[@CR22]\]. The same laser is directed into the cell through an optical window, and the fluorescence signal is collected at 90° through another window. The fluorescence was then passed through a focusing lens and emission filters before being collected on the SPAD. Results obtained, showing the relationship between ThT lifetime and applied pressure in static conditions, are presented in Fig. [1](#Fig1){ref-type="fig"}a.

Analysis of Lifetime Decay Curves {#Sec8}
---------------------------------

Once ThT in IGEPAL is excited by the pulsed laser, the fluorescence intensity decays with time. The decay curves are fitted to find the characteristic decay time using a stretch exponential fit as shown in Eq. [8](#Equ8){ref-type=""}, where $\documentclass[12pt]{minimal}
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Calibration, Rheological Characterisation and Choice of Operating Conditions {#Sec9}
----------------------------------------------------------------------------

A pressure--viscosity relationship for IGEPAL-CO520 is needed to obtain the local viscosity of the lubricant in an EHD contact with fluorescence lifetime measurements. Bair measured the lubricant viscosity using a falling cylinder viscometer at elevated pressure at 20 and 25 °C \[[@CR23]\]. A falling cylinder viscometer involves determining the terminal velocity of a sinker as it falls under gravity through the test fluid. The sinker calibration was carried out against values of Tris(2-ethylhexyl) trimellitate (TOTM) from the literature \[[@CR33]\]. The improved Yasutomi model \[[@CR34]\] was applied to estimate the viscosity of the working fluid at elevated pressures from 21 to 36 °C. These estimates are referred to as high-pressure rheological estimates in this work. For simplicity, the results of the model were fitted with the single exponential Barus equation within the experimental applied pressure range. The pressure--viscosity relationship for IGEPAL at 21 °C is shown in Fig. [1](#Fig1){ref-type="fig"}b. Together with the pressure--ThT fluorescence lifetime relationship we had obtained with the pressure cell \[[@CR22]\] (Fig. [1](#Fig1){ref-type="fig"}a), a relationship between IGEPAL viscosity $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ is established (Fig. [1](#Fig1){ref-type="fig"}c). It is fitted as a mono-exponential relationship and is used to estimate the local viscosity of lubricant in the EHD regime.

To determine if the link between Fig. [1](#Fig1){ref-type="fig"}a and b is valid in a contact as well as in the pressure cell, it is required that the lubricant is Newtonian. Previous results \[[@CR22]\] and friction measurements (presented in Sect. [4](#Sec15){ref-type="sec"}) suggest that shear effects on IGEPAL are small for peak pressures below 400 MPa and slide roll ratios below 50% for an entrainment speed of 100 mms^−1^, within which the test conditions of this work fell. Note, once a molecular rotor fluorescence lifetime--lubricant viscosity relationship is established, the relationship can be applied to obtain local viscosity in a contact even if shear thinning occurs \[[@CR22]\].

Viscosity Mapping {#Sec10}
-----------------
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ map can be converted to a local $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{\text{IGEPAL}}$$\end{document}$ map using the calibration detailed in Sect. [2.5](#Sec9){ref-type="sec"} and is shown in Fig. [2](#Fig2){ref-type="fig"}b. From Fig. [2](#Fig2){ref-type="fig"}b, the data points within Hertzian contact area are extracted. Data points within the contact are selected based on the calculated Hertzian contact area (Eq. [3](#Equ3){ref-type=""}) and a threshold lifetime value.Fig. 2Maps obtained in contact at 380 MPa peak pressure under pure rolling, $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{c}$$\end{document}$ ≈ 170 nm. **a** ThT fluorescence lifetime and **b** IGEPAL viscosity distributions within the contact. Note that the conversion between ThT fluorescence lifetime and IGEPAL viscosity is based on Fig. [1](#Fig1){ref-type="fig"}. *Arrows* show flow direction

The centre of the contact was determined to find the contact area and to allow the calculation of the local pressure in the contact. The centre of the contact is identified as the point with the highest viscosity. This point is located based on a polynomial fit of suitably smoothed lifetime viscometry data. The contact area is then identified as a circular area around the centre thus located. This estimate of the contact area agrees well with the size of the experimental contacts observed using optical interference. This gives confidence that the actual contact pressure is the same as the Hertzian pressure. Local pressure can then be estimated with Hertzian pressure distribution (Eq. [4](#Equ4){ref-type=""}). Thus, the spatial distributions of $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ in a contact allow us to relate local $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta_{\text{IGEPAL}}$$\end{document}$ to local pressure. Note smoothing of $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{\text{IGEPAL}}$$\end{document}$ data is performed only to find the centre of the contact. No smoothing procedure has been applied for results reported in this work.
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ distribution as shown in Fig. [2](#Fig2){ref-type="fig"}a shows an increase in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ at the inlet of the contact. This is consistent with the inlet pressure rise commonly observed in an EHD contact. This inlet pressure rise region can extend up to half the contact width behind the contact and to a pressure of up to 150 MPa \[[@CR9]\]. The corresponding viscosity rise at the inlet is better illustrated by plotting local $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ along the parallel and orthogonal directions to the flow, passing through the centre of the contact, as shown in Fig. [3](#Fig3){ref-type="fig"}. It shows that $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ at the inlet (solid line with circles, for position ≥170 μm) is approximately 0.2 ns higher than the rest of the bulk. This corresponds to an increase in viscosity from approximately 0.2--0.4 Pa s and is higher than the viscosity at the outlet and outside the contact orthogonal to the flow direction (dash line with crosses for position ≥170 μm). This suggests that the pressure at the inlet is about 50--100 MPa. Note Fig. [3](#Fig3){ref-type="fig"} is an average across 3 grid points, so the value obtained is an underestimate of the actual $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$, due to the circular nature of the contact.Fig. 3Cross section of local IGEPAL $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ profile for a 380 MPa peak pressure contact (in pure rolling, $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{c}$$\end{document}$ ≈ 170 nm) both parallel and orthogonal to the flow direction. *Arrow* indicates the direction of flow. *Inset* shows the increase in $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau_{\text{ThT}}$$\end{document}$ at the inlet compared to the side edges of the contact

Estimation of Average EHD Lubricant Viscosity {#Sec11}
---------------------------------------------

Average EHD lubricant viscosity is commonly estimated using friction measurements combined with film thickness measurements. Friction is measured using a PCS Instruments Mini Traction Machine (MTM2). This friction data are used to determine the average shear stress $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma$$\end{document}$. The MTM2 measures the traction force $\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$, and from this and the applied normal load $\documentclass[12pt]{minimal}
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                \begin{document}$$N$$\end{document}$, the traction coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu$$\end{document}$ is calculated. Along with the contact radius, the shear stress can be calculated as shown in Eq. [9](#Equ9){ref-type=""}.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma = \frac{\mu N}{{\pi a^{2} }}$$\end{document}$$

Optical interferometry \[[@CR35]\] is used to measure the film thickness of the working fluid using a PCS Instruments EHD2 ultra-thin film measurement system. SLIM (spacer layer imaging method) \[[@CR36]\] is used to determine the degree of homogeneity of the film thickness throughout the contact (Fig. [4](#Fig4){ref-type="fig"}). Using a steel--glass contact, a relationship for IGEPAL film thickness as a function of entrainment speed is obtained. EHD central film thickness of a circular contact $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{c}$$\end{document}$ can also be estimated using the Hamrock--Dowson relationship, as shown in Eq. [10](#Equ10){ref-type=""} \[[@CR37]\] where $\documentclass[12pt]{minimal}
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                \begin{document}$$U$$\end{document}$ is the dimensionless speed parameter, $\documentclass[12pt]{minimal}
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                \begin{document}$$G$$\end{document}$ is the dimensionless material parameter and $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ is the dimensionless load parameter. These parameters contain either test conditions (load or speed), material properties or both. The measured results from film thickness measurements match estimates from Eq. [10](#Equ10){ref-type=""} well (not shown).Fig. 4$\documentclass[12pt]{minimal}
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                \begin{document}$$U_{\text{e}}$$\end{document}$ = 110 mm/s, 30% SRR, 370 MPa peak pressure, glass--steel SLIM (spacer layer imaging) image with optical interferometry. Central film thickness is approximately 170 nm, and the minimum film thickness is approximately 110 nm. The *inset* shows the film thickness profile in the flow direction (indicated by the *arrow*)

IGEPAL film thickness for the conditions used for the fluorescence lifetime and friction measurements can be estimated from results obtained with a glass--steel contact by film thickness measurements. To account for the material change and varying test loads in these two measurements, adjustments are made by dividing out material and test condition factors for film thickness measurements on both sides of Eq. [10](#Equ10){ref-type=""} and then factoring in the correct values for fluorescence lifetime and friction measurements. Comparison between the estimated film thickness for glass--steel contact and glass--glass contact shows negligible difference. All quoted IGEPAL film thickness for fluorescence lifetime measurements are based on interferometry measurements with glass--steel contacts and adjusted for load and material properties as described. The shear rate $\documentclass[12pt]{minimal}
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                \begin{document}$$\dot{\gamma }$$\end{document}$ is determined from this film thickness $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{c}$$\end{document}$, the entrainment speed $\documentclass[12pt]{minimal}
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                \begin{document}$$U_{e}$$\end{document}$ and the percentage slide roll ratio SRR. This is shown in Eq. [11](#Equ11){ref-type=""}.$$\documentclass[12pt]{minimal}
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                \begin{document}$$h_{c} = 1.9U^{0.67} G^{0.53} W^{ - 0.067}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\dot{\gamma } = \frac{{\left( {SRR} \right)U_{e} }}{{100h_{c} }}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{a} = \frac{\sigma }{{\dot{\gamma }}}$$\end{document}$$

With the average shear stress and average shear rate obtained from friction and film thickness measurements, respectively, an average or apparent viscosity is calculated using Eq. [12](#Equ12){ref-type=""}.

The average viscosity of the EHD lubricant can also be estimated using the viscosity map obtained with fluorescence lifetime measurements (see Sect. [2.6](#Sec10){ref-type="sec"}). The local $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{\text{IGEPAL}}$$\end{document}$ in a viscosity map is an average through-thickness viscosity value at a particular position in a contact. Assuming the local viscosity at every position contributes equally to the average viscosity of the contact, and $\documentclass[12pt]{minimal}
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                \begin{document}$$J$$\end{document}$ is number of data obtained and these points distribute evenly within the contact (as in the case of Fig. [2](#Fig2){ref-type="fig"}), the average in-contact viscosity $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{\text{a}}$$\end{document}$ is then the mean of the local viscosity values obtained from the map (Eq. [13](#Equ13){ref-type=""}). Eq. [13](#Equ13){ref-type=""} is valid if the film thickness, hence the shear rate, within the contact region is reasonably homogeneous. The homogeneity of the film thickness in the contact is verified with interferometry (Fig. [4](#Fig4){ref-type="fig"}). Average viscosities obtained from friction and fluorescence lifetime measurements are compared to high-pressure rheological measurements.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{\text{a}} = \frac{{\mathop \sum \nolimits_{i = 1}^{J} Ae^{{B\tau_{i} }} }}{J}$$\end{document}$$

Results and Discussion {#Sec12}
======================

Viscosity from Fluorescence Lifetime Measurements Compared with High-Pressure Rheology {#Sec13}
--------------------------------------------------------------------------------------

By assuming a Hertzian pressure distribution, the relationship between local IGEPAL viscosity and local pressure can be obtained. Figure [5](#Fig5){ref-type="fig"} shows the local $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{\text{IGEPAL}}$$\end{document}$ from 21 viscosity maps (324 data points each) taken from contacts with different peak pressures and SRR ranging from 0 to 50%. All the data collapses onto one master curve. This confirms that the effect of shear thinning is minimal across all test conditions. The scatter of the data points in the master curve is due to variations in temperature across experiments. The scatter in a single experimental set is actually low as can be seen in Fig. [6](#Fig6){ref-type="fig"}, supporting the assumption that the variation in temperature throughout each mapping experiment is small and that the change in experimental temperature is over a relatively long timescale. The relationship can be described by a mono-exponential fit (solid line, Fig. [5](#Fig5){ref-type="fig"}), suggesting it follows a Barus-type pressure--viscosity relationship. This is expected as the fluid viscosity can reasonably be estimated by the Barus equation in this pressure range and minimal shear thinning is expected in all of our experimental conditions. The result is, however, non-trivial. Should local shear thinning occur, which is promoted by high pressure, one would expect deviations to occur at high pressures.Fig. 5Local IGEPAL viscosity obtained across all SRR tested, showing the spread of data. Rheological fits at 26 (ambient temperature) and 33 °C (estimated average lubricant temperature at the inlet) shown for reference. Deviations from the rheological fit at 33 °C are likely due to variations in experimental temperatures Fig. 6Local pressure versus viscosity for IGEPAL CO520 under pure rolling at a peak pressure of 380 MPa, *h* ≈ 170 nm. The *inset* shows this on a log-linear plot. Average viscosity from a lifetime threshold and based on the contact area are also displayed as a *triangle* and an *asterisk*, respectively. The maximum viscosity obtained at the maximum pressure is the *square*. The *dash line* is viscosity estimates based on contact temperature = 33.6 °C. The *red line* is the exponential fit through the experimental data points. This temperature is estimated by measuring the IGEPAL viscosity outside of the EHD contact (Color figure online)

Results in Fig. [5](#Fig5){ref-type="fig"} are below the expected values at a testing temperature of 26 °C as based on high-pressure rheological estimates (dashed line, Fig. [5](#Fig5){ref-type="fig"}). They can be accounted for by a temperature range of approximately 29--36 °C. On average the results are best fitted by expected viscosity at 33 °C, suggesting either (a) shear thinning has occurred giving rise to lower than expected viscosity or (b) the contact was hotter than the ambient temperature. Since shear thinning is negligible, except potentially at the centre of the contact where pressure is high, in our study, this discrepancy is likely to be due to contact temperature rise from two possible sources. Firstly, there could be shear heating. Shear heating is more prevalent at high SRR and high pressure. As the data obtained from different pressures and SRR collapses onto one master curve, shear heating is unlikely to be significant. The second possibility is another heat source affecting temperature in the contact. It has been found that the bearing where the transparent disc sits heats up significantly as it rotates due to frictional heating within the bearing. Thus, the disc may heat up as a result. To confirm this for individual data sets, ThT fluorescence lifetime in IGEPAL around the contact (excluding the inlet) was averaged and used to estimate the average low pressure viscosity and hence the temperature of IGEPAL before entrainment. Results of one of the individual data sets are shown in Fig. [6](#Fig6){ref-type="fig"}. The estimated IGEPAL temperature before entrainment for this particular test was about 34 °C. As shown in Fig. [6](#Fig6){ref-type="fig"}, this set of data fits high-pressure rheological estimates at 33.6 °C. It thus confirms that while shear heating is negligible in the contact, the lubricant is hotter than expected before it was entrained into the contact and temperature variations across tests may give rise to the spread of the data in Fig. [5](#Fig5){ref-type="fig"}. From Fig. [6](#Fig6){ref-type="fig"}, it can be seen that for local pressures greater than approximately 280 MPa localised shear thinning occurs. This is due to errors in surface speeds causing shear thinning at high-pressure locations. Note with respect to a point contact, absolute pure rolling is very difficult to achieve as small errors in surface speeds can lead to significant shear rates. For example, 1% SRR under our conditions would provide a shear rate of approximately 6 × 10^3^ s^−1^. This will be discussed in detail in Sect. [4.2](#Sec17){ref-type="sec"}.

Validation of the Approach to Use Average Measurements in an EHD Contact to Determine Lubricant Rheology {#Sec14}
--------------------------------------------------------------------------------------------------------

Since all data sets collapse into one master curve (see Fig. [5](#Fig5){ref-type="fig"}), for clarity the remaining discussion will be presented by using data obtained at a peak pressure of 380 MPa and 0 SRR (Fig. [6](#Fig6){ref-type="fig"}). The observation discussed below applies to all data set in this work.

The relationship between local IGEPAL viscosity and local pressure based on a single viscosity map (shown in Fig. [2](#Fig2){ref-type="fig"}b) is shown in Fig. [6](#Fig6){ref-type="fig"}. The inset in Fig. [6](#Fig6){ref-type="fig"} shows the same data on a log-linear scale. The relationship can be described by a mono-exponential fit as discussed earlier (solid line, Fig. [6](#Fig6){ref-type="fig"}). Hence, the local viscosity of the fluid can be estimated by using a Hertzian pressure distribution and the Barus equation.

The average viscosity of the EHD lubricant is estimated based on ThT lifetime measurements as described in Sect. [2.7](#Sec11){ref-type="sec"}. The contact area was estimated in two ways (see Sect. [2.6](#Sec10){ref-type="sec"}). The average viscosity calculated with both area estimates (triangle and asterisk, Fig. [6](#Fig6){ref-type="fig"}) gives similar results. One would expect that the average viscosity and average pressure are related directly. In fact that is how average or nominal viscosity is calculated from a friction test, with an average shear stress calculated from the coefficient of friction. Plotting estimated average viscosity against average pressure Fig. [6](#Fig6){ref-type="fig"} (asterisk and triangle respectively) shows they fall on the same exponential relationship fitted for the local viscosity data (circles). This observation supports the assumption mentioned in Sect. [2.7](#Sec11){ref-type="sec"} that the thickness of the lubricant film, i.e. shear rate, in our EHD contact is homogeneous. More importantly, it suggests that the local velocity profiles within the contact obey Couette flow and are uniform. Under this condition, average measurements, such as friction measurements, can potentially be used to characterise the average viscosity of EHD lubricants. The validity of the homogeneity assumption can be assessed by studying the distribution of film thickness. The majority of the film will usually be made up by a flat central region; however, it is best to verify this using SLIM imaging. Similar procedures have been applied to estimate average IGEPAL viscosity for tests conducted at different peak pressures, SRR and entrainment speeds. Taking into consideration temperature variations among tests, average viscosities estimated at various average pressure from ThT fluorescence lifetime measurement match the relationship shown in Fig. [5](#Fig5){ref-type="fig"} relatively well (not shown). This suggests that provided the homogeneity assumption holds, local viscosity measurements of this kind can be used to estimate average viscosity for a wide range of pressure with only a small number of experiments. This is particularly useful when the peak pressure that can be achieved by a point contact is higher than that can be achieved by conventional rheological techniques.

For conventional lubricants, they are commonly assumed to exhibit Couette flow in EHD contacts. In a contact where the flow profile is constant, should the EHD lubricant exhibit other types of flow such as Poiseuille's flow, plug flow or shear banding, an apparent viscosity will be obtained from friction measurement, and it would not be equivalent to the average viscosity of the liquid. In cases where flow heterogeneity in an EHD contact is observed (see polybutene \[[@CR16]\] and 5P4E \[[@CR17]\]), using an average value across a contact may not be appropriate.

Comparison with Friction Measurements {#Sec15}
=====================================

Average Viscosity of EHD Lubricant {#Sec16}
----------------------------------

The average viscosity of IGEPAL obtained from fluorescence lifetime measurement shown in Fig. [6](#Fig6){ref-type="fig"} supports that average measurements, such as the combination of film thickness and friction measurements can potentially be used to measure the average viscosity of an EHD lubricant. To check the validity of this combined approach, the average viscosity of IGEPAL is estimated at various average Hertzian pressures and SRR. The results obtained at average pressure of 185--276 MPa and for SRR = 5 and 50% are shown in Fig. [7](#Fig7){ref-type="fig"} (circles and pluses, respectively). In comparison with expected viscosities from high-pressure rheological estimates, the estimated viscosity from combined friction and film thickness measurements at 26 °C and SRR = 5% matches the high-pressure rheological estimates at 23--24 °C. This is likely to be due to temperature fluctuations and results in approximately a 25% increase in viscosity. It should be noted at these temperatures small fluctuations in temperature can lead to large changes in viscosity (see Table [3](#Tab3){ref-type="table"}) Also on Fig. [7](#Fig7){ref-type="fig"}, the average viscosity of IGEPAL obtained with ThT fluorescence lifetime measurements in a similar average pressure range and the same entrainment speed under pure rolling is also presented (triangles). They fit high-pressure rheological estimates at approximately 33 °C well. As discussed in Sect. [3.1](#Sec13){ref-type="sec"}, the higher than expected bulk IGEPAL temperature in ThT fluorescence lifetime measurements is the reason for the discrepancy in average IGEPAL viscosity obtained from combined friction/thickness measurements and ThT fluorescence lifetime measurements. The maximum viscosity (open squares) is also presented to show the slightly lower than expected viscosity at the centre of the contact which is likely to be due to a shear effect.Fig. 7Comparison of viscosity estimates from combined friction and film thickness measurements (5 and 50% SRR average pressure of 185--276 MPa) at 26 °C, high-pressure rheological estimations at a range of temperatures between 21 and 33 °C and Fluorescence lifetime measurements under pure rolling conditions (4 tests undertaken on the same day) Table 3Effect of temperature and pressure on the viscosity of IGEPAL CO-520, based on data from high-pressure rheometry (Shear stress \< 40 Pa) and improved Yasutomi fits \[[@CR23]\]Temperature (°C)24262830323436Pressure (MPa)Viscosity (Pa·s)00.260.230.210.190.170.150.141001.531.321.141.000.870.770.682006.935.784.854.103.492.982.5730028.7423.1418.7915.3812.6910.558.83400117.2990.9371.2456.3745.0336.2829.48

Possible Shear Thinning {#Sec17}
-----------------------

Average viscosity measurements based on combined friction/film thickness measurements show a reduction in average viscosity as SRR (i.e. shear rate) increases from 5 (solid circles, Fig. [7](#Fig7){ref-type="fig"}) to 50% (pluses Fig. [7](#Fig7){ref-type="fig"}). In fact, a reduction in viscosity of less than 30% was seen when friction measurements were conducted at an average contact pressure below 250 MPa and that the viscosity where this shear thinning started is 15--20 Pa·s, after which it started to drop (results not shown). This is contrary to results from ThT fluorescence lifetime measurements where no obvious shear effect was detected for average viscosity under these test conditions (see Fig. [7](#Fig7){ref-type="fig"}). The different phenomena observed between the two experiments may be due to differences in actual contact temperature (see Sect. [3.1](#Sec13){ref-type="sec"}), which was up to around 10 °C. This means the bulk IGEPAL viscosity for the ThT fluorescence lifetime measurements is lower than that of friction measurements. As a result, a high normal pressure or a higher shear rate/SRR is required to reach the critical shear stress for shear thinning to occur in our fluorescence lifetime measurements. This is supported by results obtained above 325 MPa (shown in Fig. [5](#Fig5){ref-type="fig"}), where the experimental fit of the data (red solid line) starts to deviate from expected viscosity from high-pressure rheological estimates at 33 °C (dot dashed line). This suggests shear thinning at a local pressure above approximately 300 MPa during our ThT fluorescence lifetime measurements.

The ability to obtain local viscosity information from fluorescence lifetime measurements is highlighted in Fig. [7](#Fig7){ref-type="fig"}, where local shear thinning is observed. The triangles and squares in Fig. [7](#Fig7){ref-type="fig"} correspond to the average viscosity and local maximum viscosity from 4 sets of experiments under pure rolling conditions. All average viscosities match well with the high-pressure rheological estimates, while all maximum viscosities obtained at position with maximum pressure are lower than expected. This local shear thinning at low shear rates at high-pressure locations is not apparent in combined friction and film thickness measurements as the average pressure was less than 280 MPa although significant shear thinning is observed at average pressure of about 300 MPa (not shown). As the maximum local pressure approaches 400 MPa, local shear thinning at even relatively low shear rates is expected. Hence, local viscosity measurements have successfully predicted conditions where shear thinning will occur despite the low average pressure used in these tests.

Shear Stress Mapping {#Sec18}
--------------------

With viscosity being directly linked to shear stress by shear rate, fluorescence lifetime measurements provide an opportunity to map the local shear stress in the contact. If the film thickness is known, which can easily be measured using optical interferometry or estimated using the Hamrock--Dowson equation, the shear rate can be calculated by Eq. [10](#Equ10){ref-type=""}. Local shear stress can then be estimated by simply multiplying the local viscosity by the shear rate (see Eq. [11](#Equ11){ref-type=""}).

The shear stress map of an EHD contact at a peak (average) pressure of 342 (230) MPa and shear rate of 1.71 × 10^5^ s^−1^ is shown in Fig. [8](#Fig8){ref-type="fig"}. In this case, the maximum (average) shear stress is 3.5 (2.3) MPa. From friction measurements under the similar conditions (30% SRR point used), the maximum (average) shear stress was 2.4 (1.6), 3.4 (2.3) and 4.1 (2.7) MPa at peak (average) pressure of 328 (218 MPa), 367 MPa (244 MPa) and 384 MPa (256 MPa), respectively. Using an exponential fit, the peak (average) shear stress at peak (average) pressure of 342 (230) MPa is estimated to be 2.7 (1.8) MPa. The discrepancy between the two estimates is likely due to differences in test temperatures. As discussed in Sect. [3.1](#Sec13){ref-type="sec"}, the temperature for fluorescence lifetime measurement was higher than that for friction measurements. This means the viscosity for the former tests was lower than that of the latter (see Fig. [7](#Fig7){ref-type="fig"}). The consequence, as described in 4.2, is that significant shear thinning occurs during friction measurements under these conditions, while during fluorescence lifetime measurements IGEPAL behaves close to Newtonian (see Fig. [7](#Fig7){ref-type="fig"}). The amount of shear thinning may be sufficient to render a lower shear stress in friction experiments. The need for interpolation also further increases the complexity of comparing the two measurements, where the pressure and temperature are not the same.Fig. 8Shear stress map for a 342 MPa peak pressure contact at 30% SRR (1.771 × 10^5^ s^−1^), *h* ≈ 165 nm. Arrow shows the flow direction

Novel Calibration Method to Obtain the Fluorescence Lifetime--Viscosity Relationship of Molecular Rotors at High Pressure {#Sec19}
=========================================================================================================================

In this work, ThT fluorescence lifetime--pressure calibration at high pressure (see Fig. [1](#Fig1){ref-type="fig"}a) was conducted with an optically accessible high-pressure cell, in order to obtain the IGEPAL viscosity--ThT fluorescence lifetime calibration (Fig. [1](#Fig1){ref-type="fig"}c). Such a procedure is difficult as specialist equipment is required. Based on discussion in Sects. [4.1](#Sec16){ref-type="sec"} and [4.2](#Sec17){ref-type="sec"}, we propose that a combined friction and film thickness measurements approach can be used to obtain the necessary rheological data for the relationship of fluorescence lifetime of a molecular rotor and viscosity of a lubricant, provided that the flow of the lubricant in the contact is homogeneous and linear. This calibration procedure is summarised in Fig. [9](#Fig9){ref-type="fig"}. It involves correlating results obtained at the same test conditions from fluorescence lifetime measurements with average viscosity of the lubricant obtained from combined friction--film thickness measurements. The key challenge is to ensure that all the tests are at the same temperature, so that the same viscosities are being compared across all tests.Fig. 9Flow chart on how to calibrate the fluorescence lifetime--viscosity relationship of a molecular rotor in a lubricant without a pressure cell
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Conclusion {#Sec20}
==========

This work demonstrates quantitative viscosity measurements in an EHD contact on the microscale. The work utilises fluorescence lifetime measurements, which are compared to viscosity measurements from both friction measurements and high-pressure rheological estimates.

Viscosity distributions of ThT-doped IGEPAL CO520 in an EHD contact have been examined quantitatively by measuring in situ local ThT fluorescence lifetimes. The relationship between local IGEPAL viscosity and local pressure can be described by a single exponential fit within the range studied. Average viscosities at various average pressures were estimated from these viscosity maps, and these also fell on the same single exponential relationship. These results were compared to rheological estimates based on high-pressure rheometry and Yasutomi fits. When a correction for the test temperature was made based on the out of contact bulk IGEPAL viscosity, a good agreement was found. This supports the use of average viscosity measurements in capturing ensemble properties of EHD lubricants when the flow of lubricant in the contact is homogeneous and linear. Indeed average viscosity at various average applied pressures have been obtained with combined friction and film thickness measurements where the above-stated condition was met. The results indeed compared well by high-pressure rheological estimates, where the difference could be accounted for by a 2 °C error in temperature. The homogeneity assumption can be verified by visualising the contact and measuring lubricant film thickness with SLIM.

In addition, the results in this work support the use of local viscosity measurements in a point EHD contact, as described in this work, as a viable way of obtaining the average viscosity of lubricants across a wide range of pressures, which might not be reached by conventional rheological measurements. Taking advantage of the pressure distribution in a point contact, measurements for a large range of pressures can be obtained with relatively few experiments provide the homogeneity assumption is met.

An EHD contact can also be used for calibrating the relationship between fluorescence lifetime of a molecular rotor and the viscosity of a lubricant using conventional tribological techniques and the procedure detailed. However, this requires good temperature control across all experiments. If this can be achieved, this would negate the need for high-pressure or diamond anvil cells, thus increasing the accessibility of this technique for further exploration within the tribological community.

All data and results are made available upon request by email to the corresponding author or tribology\@imperial.ac.uk
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